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SUMMARY 
The Shut t le  react ion con t ro l  system (RCS) pressure-volune-tempera- 
t u r e  (P-V-T) propel lant  gagins module contains a constant b ias f o r  
gaging inaccuracy resul  t i n g  frm random instrumentation measure- 
ment er rors  and fran propel l a n t  loading uncerta int ies.  This b ias  
i s  required t o  ad just  the computed RCS propel lant  quant i ty  down t o  
a l e v e l  a t  which the upper l i m i t  o f  uncerta inty w i l l  no t  r e s u l t  i n  
a page reading hi!;her thaq the a c t ~ r a l  usable propel lant  remaining. 
An inves t iga t ion  o f  the RC5 p rope l lan t  gaging module has revealed 
t h a t  the gaging e r m r s  due t o  the combined e f f ec t s  o f  random i n -  
strumentation measurement er rors  and propel lant  loading uncertain- 
t i e s  are non-1 inear  over the range o f  the propel l a n t  quant i ty  gage 
(0-loo%), w i th  the largest  e r ro r  occurr ing a t  the zero po in t .  When 
the RCS propel lant  tanks are f i l l e d  t o  contain 100% o f  the maximum 
usable propel1 ant, the la rges t  gaging e r r o r  was determined t o  be 
3.9% f o r  the fue l  and 5.4% f o r  the axid izer.  When the RCS propel- 
l a n t  tanks i n i t i a l l y  contain 50% o f  the maximum usable prapel lant. 
the la rges t  gaging e r r o r  increases t o  4.0% for the fue l  and 5.6% 
f o r  the oxid izer.  
This document presents the resu l t s  o f  an e r ro r  analysis performed 
on the RCS prope l lant  gaging module de ta i led  i n  Reference (A) .  
These resu l t s  are based on the cur ren t  d e f i n i t i o n  o f  the 30 l i m i t s  
f o r  the nominal prope l lant  loading condi t ions and instrumentation 
measurement e r r o r  source tolerances. The computed propel lant  quan- 
t i t y  gaging er rors  are considered t o  be the 30 gaging er rors  and 
they should serve as a basis f o r  determining mission RCS p rope l lan t  
requirements . 
The fo l lowing assumptions were used throughout the analysis: 
1. Tho propel lant  gaging software nwdule i s  i den t i ca l  t o  t h a t  
defined i n  Reference ( A )  except f o r  a )  Block 17 - where a 
he1 ium b o t t l e  s t re tch  expression for  a f i b e r  wrapped bot-  
t l e  was used, b) Block 28 - where values o f  SOLPRS(J) ( t he  
constants used t o  compute the helium s o l u b i l i t y  i n  the pro- 
pel l an t s )  appl icable t o  a propel lant  tank operating pres- 
sure o f  246 psia were used, and c)Block 30 - where the 
quant i ty  of de l iverab le  propel lant  was computed i n  pounds 
ra ther  than i n  percent remaining. 
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This software contains the best a v a i l  able expressions f o r  
propel l a n t  densi ty and vapor pressure as a funct ion o f  
temperature, heliuni compress ib i l i ty  as a funct ion o f  pres- 
sure and temperature, helium solubi  1 i t y  i n  the propel1 ants, 
and helium b o t t l e  s t r e t ch  as a function o f  i n te rna l  pres- 
sure. Therefore, i t  i s  deemed t h a t  any systematic e r ro rs  
introduced i n t o  the propel lant  gaging module by the use of 
s imp l i f y i ng  approximations i n  the software are neg l i g i b l e  
when compared t o  the random instrumentation measurement 
er rors  and p rope l lan t  loading uncerta int ies.  
2. The RCS base l i  _L he l im /p rope l l an t  supply systems and i n -  
strumentation configurat ions are  given i n  Reference (8) 
and snown i n  Figure (1). 
3. The propel l a n t  tank and 1 i ne  volunes are presented o r  i n -  
fe r red  i n  Reference (C) . 
4. The p rope l lan t  tank normal operating pressure I s  g iven i n  
Reference (C) . 
5. The p rope l lan t  loading, and usable and unusable p rope l lan t  
quan t i t i es  a re  given i n  Reference (C). 
6. The p rope l l  ant  1 oading tolerance i s  presented i n  Reference 
(0 
7. The helium b o t t l e  volume i s  given i n  Reference (D). 
8. The 3u to lerance on the ha1 ium b o t t l e  vol m e  a t  ambient 
pressure i s  212.0 cubic inches. 
' 9 .  The helium l i n e  volumes are given i n  Reference (E). 
10. The pressure and teniperatilre instrumentation f u l l  scale ranges 
. and system accuracies (30 tolerances) are i d e n t i f i e d  i n  Ref- 
erence (F) . These systern accuracies are obtained by nlatching 
each jnstrument w i th  the  appropriate sensor ca l i b ra t i on  con- 
stants discussed i n  Section 8.4 o f  Reference (A).  The 30 t o l -  
erances quoted are assumed t a  be the t o t a l  IneasGrement e r ro rs  
r esu l t i ng  from the sensor er rors  and the ca l i b ra t i on  errors. 
I n  t h i s  analysis, the pressure sensing accuracy has been ad- 
jus ted t o  r e f l e c t  the use o f  the average pressure obtained 
f r o m  two sensors. 
11. The i n i t i a l  and operating pressure and teniperature measuse- 
m n t s  are made by the same set  of instrumentation. 
12. The 3a tolerance on the d i f ference between the i n i t i a l  u l -  
lage temperature and the sensor measurement i s  55.0 OF. 
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THS Temperature measurement 
essure measurements 1 and 2 
Regulator i so la t ion  valves 
sure ineasurement 1 
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Pressure nleasurement 2 
Tank is01 a t ion  val ves 
OMS/RCS interconnect valves 
Manifold iso la t ion  valves 
5 '  Figure 1 .- Shuttle RCS he1 ium and propellant supply systems and 
instrurentat ion fo r  each fuel  and oxidizer tank. 
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13. The 30 tolerance on the d i f ference between the operating 
p rope l lan t  temperature (bu lk  tank temperature) and the 
u l lage  temperature i s  210.0 OF. 
14. This analysis was performed for  one o f  the two i d e n t i c a l  
basel ine a f t  RCS modules. The ?aging e r r o r  obtained i s  
assumed t o  also be appl icable t o  the forward RCS module 
since there are only small di f ferences i n  p rope l lan t  quan- 
ti t i e s  and l i n e  volumes between the RCS forward and a f t  
module pressurant/propel l a n t  tankage systems. 
15. The propel lant  quan t i t y  i n  a tank i s  expressed as a per- 
centage of the maximum usable propel lant  contained i n  the 
tank when i t  i s  f i l l e d  t o  i t s  ra ted capacity. 
DISCUSSION 
The purpose o f  the RCS propel 1 an t  gaging nlodule under exaniinsltion 
i s  t o  enable the computation o f  the usable p rope l lan t  remaining i n  
the p rope l lan t  tanks based on the rea l  gas pressure-voiume-temper- 
ature (P-V-T) re la t ionsh ip  f o r  the propel lant  tank pressurant agent, 
he1 i um. ?he computed quan t i t i es  o f  propel1 ant reniai ning are made 
ava i lab le  t o  the Shut t le  crew by means o f  a d i g i t a l  panel gage 
reading o r  a cathode-ray-tube (CRT) display, o r  both. These d is -  
plays al low the CY-w t o  perform i n - f l i g h t  RCS propel lant  m n i t o r i n g  
and management and a lso provide a propel l a n t  leakage detect ion ca- 
p a b i l i t y .  
There are three RCS modules i n  the o r b i t e r  vehicle; one forward i n  
the nose, and one i n  each o f  the two pods attached on the o r b i t e r  
vehic le rear fuselage. Each module contains RCS thrusters,  a f ue l  
(monomethyl hyrirazine) tank, an ox id ize r  (n i t rogen te t rox ide)  tank, 
and a separate helium b o t t l e  t o  pressurize each propel lant  tank. 
! 
Operational f l i q h t  ins t ru~nentat ion measures the pressure (2 sensors) I E 
and temperature (1  sensor) i n  each helium b o t t l e  and propel lant  . . I 
tank as depicted i n  Figure(1) . The average pressure n~easurement I 
i n  each he1 iurn/propellant supply system i s  used t o  improve the 
accuracy o f  the propel l a n t  gaging module. Whi l e  a1 1 he1 i urn bo t t l es  
are assumed t o  have the same nominal volume a t  ambient pressure and 
a1 1 p rope l lan t  tanks are assumed t o  have equal volumes a t  the  com- 
mon operating pressure o f  246 psia, the h e l i  urn and propel l  ant  1 i ne  
volunes i n  the forward m d u l e  are d i f f e r e n t  from those i n  the two 
a f t  modules. These differences i n  l i n e  volumes are small when com- 
pared t o  the tota ' i  he1 ium and p rope l lan t  system volumes. Therefore, 
the propel lant  gaging accuracy computed f o r  one o f  the two iden t i ca l  
basel ine a f t  RCS modules i s  assumed t o  a lso be v a l i d  f o r  the forward 
RCS module. 
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i This analysis was performed f o r  a basel ine a f t  RCS module w i t h  the 
fol lowing he1 ium/propel l a n t  system volumes and propel l a n t  loadings. 
RCS !lelium/Prope~ l a n t  System Volumes (in') 
I 
He1 i urn Supply Sys tern Fuel 
- Oxidizer 
Helium b o t t l e  volume (14.7 ps ia)  3283.2 3283.2 
Helium l i n e  volune 29.9 30.5 
Propel lant  Supply System Oxidizer 
He1 ium l i n e  volune (246 psia)  45.3 45.3 
Propel lant  tank volume (246 psia)  31161 .O 31161 -0 
Propel lant  l i n e  volume (246 psia)  1136.7 1091.7 
Total  propel 1 ant  system vol m e  (246 p s i  a) 32343.0 3mmi 
RCS Propel lant  Loading, Rated System Capacity (1 b) 
Fuel 
- Oxidi t e r  
Total  propel l a n t  loaded 
Tank residual  propel lant  
L ine residual  propel 1 ant  
Total  usable propel 1 an t  
The other program constants used i n  t h i s  study are l i s t e d  below. 
CHPI = 0.0 ps ia  
CHPS = 1.0 nd 
CHTI = 0.0 OF 
CHTS = 1.0 nd 
CPPI = 0.0 psta  
CPPS = 1.0 nd 
CPTI = 0.0 O F  
CPTS = 1.0 nd 
R = 4632.9 psia-in3/lb-OR 
SOLPRS(1) = .00001888 l b  hel ium/l b f u e l  
SOLPRS(2) = ,00003817 1 b he1 ium/l b ox id izer  
VPDEL = 166.5 i n 3  
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The equation i n  Blcck 17 was changed as fo l lows t o  contain a he1 turn 
b o t t l e  s t re tch  expression appl i cab le  t o  a f i b e r  wrapped ti taniurq 
b o t t l e  ra ther  than one f o r  a t i tan ium only bo t t l e .  
VHS = VtIL(1.J) + VHAM 11.003 + PHS(J,J)(1.1666 x 10'-')13 
The equation i n  Block 30 was changed as follows t o  compute the quan- 
t i t y  o f  de l iverab le  propel lant  remaining i n  pounds ra ther  than i n  
percent o f  the maximum del iverab le  propel lant .  
QPD(1,J) = Rt!OP (VPS(1,J) - VHU) - WPUU(I,J) 
The RCS instrumentation ranqes, random e r ro r  sources, and tolerances 
are l i s t e d  i n  Table I. The tolerances on the helium and u l lage pres- 
sure measurements were decreased from :k56.0 ps ia  and 25.6  s i a  respec- 
t i v e l y  t o  239.6 ps ia  and k4.0 ps ia  t o  r e f l e c t  the use o f  t g e average 
pressure obtained from two sensors. The i n i t i a l  and operating pres- 
sure and temperature measurements are made by the same s e t  o f  sensors. 
For t h i s  analysis, the RCS propel lant  gaging program was i n i t i a l i z e d  
w i t h  the helium b o t t l e  pressures a t  3600 psia and the propel lant  tank 
pressures a t  115 psia, A1 1 he1 ium b c t t l e  and propel i a n t  tank temper- 
atures were i n i t i a l i z e d  t o  70 O F .  These are the cu r ren t l y  planned 
nominal loading and pressur iz ing condit ions whi le  the vehic le i s  on 
the launch pad. A t  these nominal condit ions, the helium loading 
(WIiI) corresponding t o  an i n i t i a l  del iverable propel lant  load of 
100 percent was computed f o r  each hel ium/propel lant tankage system. 
Throughout t h i s  docurr~ent, the terms usable propel lant  and de l iverab le  
propel 1 ant are used in terchangabl~.  A l l  propel l a n t  which i s  no t  
trapped i n  the tank o r  the 1 ines i s  assumed t o  be de l iverab le  and 
usable. 
The propel lant  quant i ty  gaging er rors  a t  program i n i t i a l i z a t i o n  due 
t o  the i n i t i a l  rar~don~ e r ro r  sources i n  Table I must now be determined. 
The gaging e r r o r  due t o  the propel lant  loading tolerdnce i s  simply 
the 3u tolerance mu1 t i p l i e d  by t he  t o t a l  propel l  ant  loaded aboard. 
The gaging er rors  due t o  the other four  i n i t i a l  random e r ro r  sources 
i n  Table I must be computed using the propel lant  gaging module. 
Section 11.0 o f  Reference (A )  ae ta i l s  three rqeasons (independent o f  
the e r ro r  sources i n  Table I )  why there i s  a gaging e r ro r  a t  i n i t i a l -  
i z a t i o n  o f  the propel lant  gaging module. This gaging e r r o r  i s  due 
t o  the f a c t  t h a t  the niodule i n i t i a l i z a t i o n  condi t ions a re  d i f f e r e n t  
fmm the normal operating condit ions. A t  module i n i t i a l i z a t i o n ,  the 
he l i un  whSch w i l l  l a t e r  be dfssolved i n  the propel lant  i s  subtracted 
TABLE I 
I RlUiWhl GAGING ERROR SOURCE MEASUREMENT MEASUREFlEFlT RANGE ACCUMCY 
(FULL SCALE) (PERCENT 01 ( FuLr SCALE) 
I n i t i a l  Fuel Weight 
I n i t i a l  Oxidizer Weight 
I n i t i a l  Helium Pressure 
I n i  ti a1 Hel i urn Temperature 
I n i t i a l  Utlage Pressure 
I n i t i a l  Ul lage Temperature 
Operating Helium Bo t t l e  Volcme 
Operating Helium Pressure 
Operating He1 i urn Temperature 
Operating U1 lage Pressure 
Operating Propel l  ant Temperature 
Operating U11./ Prop. Temp. 
Varia t i ~ n  
0 t o  +4000 psia 
0 t o  +400 psia 
0 t o  +4000 psia 
-75 t o  +I75 O F  
0 t o  +400 ps ia  
f) t o  +I60 O F  
ON 
ERROR SOURCE I 
24.7 l b  
27.6 l b  
239.6 psia 
23.8 OF 
24.0 ps ia  
25.0 OF 





*,10.0 O F  
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out of the h e l i m  loading and the propel lant  tanks are pressurized 
t o  115 ps ia  instead o f  the operating pressure o f  246 psia. For 
these reasans the i n i t i a l  module gaging e r r o r  was nat  computed a t  
the t r u e  module i n i t i a l  i z a t i o n  condit ions. 
The bot t le / tank temperatures were kept a t  a constant 70 O F  whi le  
the propel l a n t  tank pressures (u l  lage pressures) were increased t o  
the n o n a l  operating pressure o f  246 psia and the helium b o t t l e  
pressuves were reduced t o  values which produced computed quan t i t i es  
o f  prope l lant  remaining of 100% f o r  both the fue l  and the oxid izer.  
This marks the s t a r t  o f  the operating condit ions f o r  which the pro- 
p e l l a n t  gaging module was designed. Thz variance o f  the quant i ty  
o f  del iverable propel lant  (QPD) was now computed f o r  the four re-  
maining i n i t i a l  random e r ro r  sources i n  Table 1. The variance o f  
QPD f o r  each operating random e r r o r  source i n  Table I was also com- 
puted a t  these condit ions o f  pressure and temperature. A l l  va r i -  
ances o f  QPD due t o  the i n i t i a l  random e r r o r  sources are assuner! 
t o  car ry  over d i r e c t l y  t o  a l l  operating condit ions. That i s ,  the 
variances o f  QPD due t o  the i n i t i a l  random e r ro r  sources i n  Table I 
set  up a constant prope l lant  quant i ty  b ias  i n  the program when WHI 
i s  coinputed a t  module i n i t i a l i z a t i o n .  
Maintaining the nominal operatinq temperature o f  70 OF and the nom- 
i n a l  u l lage pressure o f  246 psia, the helium b o t t l e  pressures were 
reduced t o  values which produced computed quan t i t i es  o f  prope l lant  
remaining o f  50% and 0% respect ively.  A t  each o f  these two propel- 
l a n t  quant i ty  leve ls ,  the variance o f  QPD fo r  each operating random 
e r r o r  source i n  Table I was computed. 
f o r  each o f  the three leve ls  o f  QPD examined (loo%, SO%, 0%), the 
variances o f  QPD due t o  the i n i t i a l  and operating random e r ro r  
sources were combined by the mot-sum-square (RSS) method t o  deter-  
mine the t o t a l  prope l lant  quant i ty  gaging e r r o r  i n  pounds. These 
gaging e r ro rs  were then converted t o  a percent o f  the t o t a l  d e l i -  
verable propel lant  based on a f u l l  tank load. 
The procedirre out l ined above t o  ca lcu ia te  the gaging e r ro r  f o r  an 
i n i t i a l  prope l lant  load of 100% was repeated t o  determine the gaqing 
e r ro r  f o r  an i n i t i a l  prope l lant  load of 5% of the maximum usable 
propel1 ant. The propel l  ant  1 oading tolerance f o r  an o f f - load (1 ess 
than 100% propel lant  load) i s  unknown a t  t h i s  time. Therefore, f o r  
t h i s  analysis, a loading tolerance o f  0.5% o f  the t o t a l  propc? lant  
loaded aboard has been assumed f o r  a l l  p rope l lan t  loads. 
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4.0 RESULTS 
Table I1 shows the RCS prope l lan t  quant i ty  gaging accuracy as g 
funct ion o f  de l iverab le  propel lant  remaining f o r  an i n i t i a l  d e l i -  
verable propel lant  load ing o f  100%. The t o t a l  gaging er rors  are  
non-1 inear over the range o f  propel l a n t  quanti  t y  remaining w i  t h  
the l a rges t  gaging e r r o r  occurr ing a t  zero del iverab le  propel l a n t  
remaining. The la rges t  gaging e r ro rs  are 3.9% f o r  the fuel  and 
5.4% f o r  the oxidizer.  
Fcr the i n i t i a l  random e r r o r  sources given i n  Table I, the ~VIO 
1,argest gaging er rors  are  due t o  the tolerances on the helium pres- 
sure and the helium temperature. The tolerance on the operat;~g 
helium pressure causes a large, near ly constant, gaqing e r r o r  f o r  
a l l  quan t i t i es  o f  prope l lant  remaining. The gaging e r r o r  due t o  the 
tolerance on the operat ing u l lage pressure i s  m a l l  a t  109% propel- 
l a n t  quan t i t y  r e n ~ i n i n g  and i s  inverse ly  proport ional  t o  the amount 
of prope l lant  retraining. The gaging e r r o r  due t o  the tolerance cn  
the operating ul lage/propel l a n t  temperature va r i a t i on  i s  a1 so i n -  
versely proport ional  t o  the amount o f  prope l l  an t  remaining, becoming 
the l a m e s t  gaqinq e r r o r  a t  zero de l iverab le  propel1 ant  remaining. 
A t  zero del iverab le  propel l a n t  renaining, the three largest  compo- 
nents o f  the t o t a l  p rope l lan t  qvant i  t y  gaging er ror ,  i n  order o f  
descending magnitude, are  due t o  the tolerances on 1) the operat ing 
u l l  age/propel l a n t  temperature var ia t ion,  2) the operating he1 ium 
pressure, and 3) the operating u l laqe  pressure. For the oxid izer,  
the gaging e r r o r  due t o  the uncerta inty i n  the t r u e  u l lage temper- 
a tu re  i s  twice the magnitude o f  the gaging e r r o r  due t o  any o ther  
. . e r r o r  source. 
. . .. 
Table I11 presents the RCS propel lant  quant i ty  gaging accuracy 
as a function o f  de l iverab le  propel lant  remaining f o r  an i n i t i a l  
de l iverab le  propel l a n t  loading of 50%. klhi l e  the gaging e r r o r  
contr ibutiovls due t o  some e r r o r  sources vary considerably f r (m 
t h e i r  values for  an i n i t i a l  prope l lant  load o f  I O G X ,  the t o t a l  
gaging e r r o r  i s  only s l i g h t l y  changed. The maximum gaging e r ro rs  
are 4.0% fo r  the f ue l  and 5.6% for  the ox id izer .  
5.0 CONCLUSIONS 
The e r r o r  analysis r e s u l t s  contained i n  t h i s  docunent represent the 
TABLE I1 
RCS P-V-T PROPELLANT QUAFlTITY GAGlr iG MODULE ACCURACY 
In i t ia l  Loading Contains 100% o f  Maximum Deliverable Propellant 
I RlWEi GAGIIlG ERROR SOURCE 
I I n i t i a l  Fuel (Oxidizer) Meight 
- - 
I n i t i a l  Helium Pressure 
Ini ti a1 He1 i um Temperature 
I n i t i a l  Ul lase Pressure 
In i t fa1  Ullage Temperature 
Operating He1 ium Bottle Vol me 
Operating He1 ium Pressure 
Operati ng He1 i urn Temperature 
Operating U 11 age Pressure 
Operating Propellant Texperature 
v 
Operating U11 ./Prop. Temp. Variation 
1 3u Gaging Error, Pounds of Propellant ( R  






1 I I I 
. - 
539.6 psia 14.2 14.2 14.2 1 24.9 
t4.0 psia 1 1.2 1.2 1 1.2 1 2.8 1 2.8 1 2.8 
I I x 
14.0 psia 1.2 8.4 15.7 2.8 1 27.4 
52.4 O F  1.7 1 3.2 1 4.7 4.5 9.1 13.7 
erabl e Propell ant1 2.9 1 3.3 1 3.9 1 3.3  1 4.2  1 5.4 
TABLE I1 I 
RCS P-V-T PROPELLPSIT QUANTITY GAGING MODULE ACCURACY 
I n i  ti a1 Loading Contains 50% o f  Maximum Del i verable Propel l a n t  
RANDOM GAGIPiG ERROR SOURCE 30 TOLERANCE 
.--- 
7 -  
I n i  ti a1 Fuel (Ox id izer )  Weight 
I 
I n i  ti a1 H e l i  urn Pressure 
I n i t i a l  He1 i urn Temperature 
I n i t i a l  U l lage Pressure 
I n i t i a l  U l l age  Temperature 
Operat ing He1 iurn B o t t l e  Val unie 
Operat ing He! ium Pressure 
Operat ing He1 i um Temperature 
L 
+39.6 ps ia  
53.8 O F  
54.0 p s i a  
55.0 O F  
k12.0 i n 3  
























Operat ing U 11 ape Pressure 
Opera ti ng Propel l a n t  Temperature 




12.9 4.6 43.8 O F  
24.0 ps ia  





4 .O 4.4 
14.6 
7.4 
3u Gaging E r ro r ,  Pounds o f  P rope l l an t  (RSS) 
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5 accuracy o f  the RCS propel lant  gaqing module f o r  the current  base- l i n e  RCS system conf igurat ion,  nominal loading condi t ions and the 
I e r r o r  sources c i ted.  These resu l t s  w i l l  have t o  be updated fo r  any s i g n i f i c a n t  change t o  the assumptions l i s t e d  i n  Section 2.0. I 
I O f  a l l  the gaging e r r o r  sources considered, the operating ul lage/  8 
I propel l  ant  temperature va r ia t ion  causes the la rges t  gaging e r ro r  * 
t when the quan t i t y  o f  ox id ize r  remaining i n  the tank i s  75% o r  less. If t h i s  uncerta inty i n  the knowledge o f  the u l lage temperature can 
be decreased by using a p rope l lan t  tank temperature probe, the 
t o t a l  prope l lant  quan t i t y  gaging accuracy can be s i g n i f i c a n t l y  
a improved. 
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